Noise levels in household appliances are increasingly attracting attention from manufacturers and customers. Legislation is becoming more severe on acceptable noise levels and low noise is a major marketing point for many products. The latest trend in the refrigerator manufacturing industry is to use brushless DC (BLDC) motors instead of induction motors in order to reduce energy consumption and noise radiation. However, cogging torque from BLDC motor is an undesirable effect that prevents the smooth rotation of the rotor and results in noise. This paper presents a practical approach for identifying the source of excessive noise in the small fan-motor system for household refrigerators. The source is presumed to a mechanical resonance excited by torque ripple of the BLDC motor. By using finite element analysis, natural frequencies and mode shapes of the rotating part of the system are obtained and they are compared with experimental mode shapes obtained by electronic torsional excitation test which uses BLDC motor itself as an exciter. Two experimental validations are carried out to confirm the reduction of excessive noise.
INTRODUCTION
Household appliances are expected to be one of the fastestgrowing end-product markets for electronic motor drives over the next five years. The market volume for such drives is expected to increase from 19 million units in 2000 to more than 61 million units in 2006. However, the industry has desired variable-speed drives to improve its products and processes, and has understood that potentially large energy-savings and superior process control are available if adjustable-speed drives are used instead of constant-speed motors.
Currently, many appliance manufacturers are favoring the use of brushless direct-current (BLDC) motors for refrigerator and air-conditioner compressors, and circulation fan applications because of their higher efficiency, high power density, low weight, and low cost in comparison with AC induction motors or other variable-speed drives [1] [2] [3] . These motors are especially advantageous for fan applications because of their wide speed range, easy speed controllability, high efficiency, and long lifetime expectancy.
BLDC motors are disadvantageous from a vibration and noise point of view. Especially, as the speed of the motor increases and a high-energy permanent magnet is used, the exciting force of high frequency due to electromagnetic origin creates new problems. One of the electromagnetic forces that vibrate the mechanical structure of the BLDC motor is the cogging torque. Cogging torque arises from the saliency of the slot structure for winding, and depends on the magnetization pattern of the permanent magnet and the shape of the core [4] . There have been many studies about reducing the cogging torque of the permanent magnet rotor [5] [6] [7] [8] , but it cannot be avoided completely because of its electromagnetic mechanism. Sometimes, this exciting force causes resonance with the natural frequency of fan-motor systems. Accurate prediction of the natural frequencies and modes of the rotor system at the design stage is clearly critical, since an inappropriate rotor system may lead to excessive acoustic noise emissions, excessive bearing loss, and even catastrophic failure [9] .
Recently, sound comfort has become more important, in addition to electric efficiency, in residential houses. The main noise sources of a household refrigerator are compressors and fans. Many companies and institutions have studied the noise reduction from a compressor, but research on fan noise has hardly been done because noise from compressors is much higher than those by fans. The general causes and the reduction plans for fan noise in refrigerators were 2 International Journal of Rotating Machinery investigated by means of the laser Doppler velocimeter measurement, noise frequency analysis, and the search for the noise source by the sound intensity method by Takushima et al. [10] . In this paper, the excessive noise source of a fan-motor system for refrigerators is identified based on finite element analysis (FEA) and the electronic torsional excitation test (ETET). In the development stage of a new model of fanmotor system, two unexpected noise peaks were observed in the measured overall noise plot over the operational speed range. BLDC motors were adopted in this model. The most possible cause was the mechanical resonance of the shaft system which is excited by the cogging torque. IDEAS FE package [11] was used to analyze the natural frequency and mode shape of the fan-motor system. The ETET is introduced to validate the analytical mode shapes. Two experimental validations were conducted by using an altered fan and shaft. Figure 1 shows a BLDC motor with an axial fan considered in this study. The design parameters of a prototype motor are listed in Table 1 . The role of this fan is to blow the refrigerated air to a freezer chamber and a cool chamber of refrigerators as shown in Figure 2 . The motor and fan constitute a single unit with two bush bearings and the shaft is inserted into the slot of the fan hub. This motor is composed of a three-phase, nine-slot winding system and a six-pole permanent magnet rotor. It is driven by rectangular voltage strokes with two phases. Figure 3 shows a block diagram of the BLDC motor drive. This motor is a permanent magnet synchronous motor with trapezoidal air-gap flux density fed by commutating electronics. The motor runs in self-synchronous mode: the inverter output frequency is dependent on the rotor speed. Most commonly, in a three-phase BLDC motor only two phases are current-fed at the same time. For example, in step 1, shown in Figure 3 , transistors T 1 and T 4 are active. Therefore, phases a and b are current-fed. The voltage between terminals a and b is preset by the commutation electronics unit. Three digital Hall-effect sensors detect the magnetic field of the rotor. At each rotor rotation of 60
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• electrical, one of the sensors changes its output level, alternately. At these instances, the next step of the commutation sequence is applied, and the current commutates from one phase to the next ( Figure 4 ) [12] . Because the phase of voltage is commutated per 60
• electrical, the phase of current is lagged by 6 times per revolution. This current lag causes a torque ripple, which excites the fan-motor rotor system torsionally by its frequency. The ripple frequency is 18 times per shaft revolution (18X) in this BLDC motor. During the switching process, the current in each phase varies with distinctive features as shown in Figure 4 . This figure illustrates the relations of switching signal, current pattern, and generation of torque ripple.
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MEASUREMENT OF NOISE AND VIBRATION
Measurement of noise and vibration was conducted in an anechoic room. All experiments and measurements were conducted using only the fan-motor system independently detached from the refrigerator because the objective of this study was to identify causes of the unexpected high noise at certain rotating speeds, rather than to reduce overall noise level by a certain value. Three proximity probes (BN3300, Bently-Nevada) were used to measure shaft vibration and to count the rotating speed. An accelerometer (B&K4371) was set on the top of the motor and a microphone (LA5110, Onno-Sokki) was set 0.50 m apart from the fan motor at the same height. A four-channel FFT analyzer (Medallion 2300, Zonic) was used for data acquisition and signal processing. Noise and vibration signals were acquired in the operating range from 800 rpm to 1600 rpm. The measured noise level of the original system is shown in Figure 5 : (a) overall value, (b) dominant spectral components, (c) Campbell diagram. While, the overall value of noise shows an increasing trend as speed increases, two peaks of noise level at around 1100 rpm and 1350 rpm are clearly shown. These unexpected peaks of noise are the main concern of this study. As shown in Figure 5 (b), the overall noise level is mostly influenced by the 18X (18 times of rotating speed) component which is induced by the cogging torque of the BLDC motor. Therefore, it is worth noting that reduction of the cogging torque is a primary countermeasure to reduce the overall noise. However, cogging torque itself is not a concern of this study. This paper only focuses on the identification of causes of these two peaks of noise so as to lead a modification of design of the system. The peak frequencies of 18X are approximately 324 Hz and 400 Hz. The estimated cause of these peaks was a mechanical resonance of the rotor shaft system because the same peaks of frequency were observed in the spectrum of vibration acceleration signal.
MODAL ANALYSIS USING IDEAS
To identify natural frequencies and mode shapes of the fanmotor rotor system, three-dimensional finite element analysis (FEA) was carried out using commercial software, IDEAS (SDRC Co.). Two bush bearings support the shaft on the left and right sides of the permanent magnet rotor. As they were too flexible in the lateral direction compared to the shaft stiffness, the boundary condition was set to all free. Parabolic tetrahedron element which has 10 nodes per element was used in this study. Figure 6 shows 3D FE model for analysis. Material parameters and mesh data for FEA are listed in Table 2 .
Before analyzing the whole shaft system, experiments using an electromagnetic exciter were conducted to verify the analytical model. A fan-shaft model which excludes the magnet rotor was used first. The motor-side end of the shaft was clamped on the exciter. This fan-shaft model was then excited to axial direction and five proximity probes were utilized to measure the vibration displacement at the midpoint of each blade. Table 3 shows experimental natural frequencies of the fan-shaft model compared with those by FEA. The results show that the experimental natural frequencies mostly coincide with those obtained by FEA. It is noted that the results by FEA are all slightly smaller than those by the experiment. The reason of these differences is considered to the nonlinear property of the plastic fan and the connection effect between the shaft and blade. Figure 7 shows four mode shapes of the whole fan-motor rotor system in the frequency range of interest. The 313 Hz mode is a in-phase fan mode as all blades move to the same direction without any deformation of the shaft. The 323 Hz mode is a tilting fan mode which has the first bending mode of the shaft. The 407 Hz mode is a typical hub mode which shows main deformations in the blade hub. The 418 Hz mode is the first torsional mode of shaft. In this mode, modal displacement of the magnet rotor is larger than that of the fan because of their different inertia. Among them, the 313 Hz and 418 Hz modes were suspected to the resonance frequencies which cause high-noise level when they coincide with 18 times of rotating speed. This presumption is supported by the fact that they are only the modes excited by the torsional excitation.
ELECTRICAL TORSIONAL EXCITATION TEST
A torsional excitation test was conducted to confirm the resonant natural frequencies and mode shapes. In this study, a BLDC motor itself was used as a torsional exciter by applying sine wave current to only one phase out of three phases, which is called electrical torsional excitation test (ETET). By applying sine wave current to the motor circuit using a function generator, the shaft is excited torsionally. Excitation frequency and magnitude could be easily controlled by a function generator. The vibration of fan blades was measured by five proximity probes installed slightly above each blade. The Yong-Han Kim et al. mode shapes were obtained from the phase and magnitude of vibration displacements measured from each blade. By comparing and matching the natural frequencies and mode shapes obtained by ETET with those by FEA, the analytical model was verified. Table 4 shows the natural frequencies and mode shapes measured from ETET and pairing them with those from FEA. As all blades move in the same direction simultaneously, the 320 Hz mode from ETET corresponds to the 313 Hz mode from FEA. The 344 Hz mode from ETET corresponds to the 323 Hz mode from FEA because it is the only tilting fan mode. This mode is also the first bending mode of the shaft. The hub mode (407 Hz) from FEA was not detected in ETET because this mode cannot be excited by the torsional excitation. As the 420 Hz mode has in-phase movement of all blades to circumferential direction, it coincides with the torsional mode of 418 Hz from FEA.
As mentioned earlier, the torsional mode was assumed to one of the resonant frequencies and the analytical mode was verified through ETET. However, there is a gap of about 20 Hz between the peak frequency of measured noise (400 Hz) and torsional natural frequency by FEA (418 Hz) or ETET (420 Hz). The reason of discrepancy was clarified from a careful consideration that boundary condition of the shaft in continuous rotating operation is different with that in the torsional excitation test. When the fan is rotating to blow air forward, a reaction force always acts on the shaft in the axial direction. However, this reaction force is not active in ETET because the fan does not rotate but just vibrates delicately. In fact, since there is no bearing to get the axial force in this fan-motor system, the motor-side end of the shaft contacts with the plastic case of the motor when the shaft is rotating. There is a practical difficulty for identification of this friction force and it is not our present concern. However, we confirmed from ETET that the torsional natural frequency (420 Hz) was decreased to 405 Hz when the shaft was set in a vertical direction so that there was an axial force by weight of fan and rotor. From the results of the FEA and ETET, it is concluded that the main peaks of overall noise were caused by resonances of which the frequencies were the 325 Hz and 400 Hz, an in-phase mode of the blade, and a torsional mode of the shaft, respectively.
EXPERIMENTAL VALIDATION
Two experimental approaches were carried out to validate the conclusion from the FEA and ETET. The first trial was to change the torsional natural frequency (418 Hz) by shortening the shaft by 15 mm. The second peak of the measured noise was expected to be moved to another speed. Figure 8 shows the overall noise level measured from the shortened shaft and that from the original shaft. Table 5 shows a comparison of natural frequencies for those two models. While the peak at 1,080 rpm was not changed, the peak of 1,333 rpm which corresponds to 400 Hz by 18X excitation was disappeared in the measured speed range. Therefore, it is evident from this result that the second peak in the original noise level is caused by the resonance of torsional natural frequency of the shaft system. Furthermore, changing the torsional stiffness of the shaft can be a simple but a practical countermeasure.
Another trial was involved in changing of the natural frequency of in-phase mode (330 Hz). The connection part between the hub and the blade was cut by 10 mm in order to decrease the stiffness of the fan blade. Consequently the natural frequency of the in-phase mode was decreased. The analytical natural frequencies for the normal blade and the modified blade are compared in Table 6 . Figure 9 shows a comparison of the overall noise level from the modified-blade fan with that from the original system. The highest peak near 1,080 rpm in the original system moved to 910 rpm in the modified fan system, and this corresponds to the natural frequency by the FEA. Therefore, this result confirms that the highest peak of noise in the original system is caused by the resonance of in-phase mode (324 Hz) excited by cogging torque (18X) of the BLDC motor. New peaks appeared in the noise level from modified-blade fan model, however, as their spectral components are extra harmonics of the cogging torque (36X and 56X), they are also related to the cogging torque. However, the highest noise level was reduced by 7 dB. It is also confirmed by FEA that by stiffening the root part of the fan the natural frequency of in-phase mode was changed up to 357 Hz. From a practical viewpoint, however, more attention is needed for changing the shape of blades because the efficiency of the axial flow fan is also affected by shape of the fan and it may cause another noise problem as shown in this case.
CONCLUSIONS
In this paper, a noise source of a fan-motor system for refrigerators was identified based on the finite element analysis (FEA) and the electronic torsional excitation test (ETET). Two peaks were detected from the overall noise level in the operating speed range measured in an anechoic room, and their main spectral component was 18 times of rotating speed (18X) which coincides with the torque ripple frequency of the BLDC motor. The commercial FEA package, IDEAS, was used to analyze the natural frequency and mode shape of the fan-motor shaft system. Four modes were found in speed range and classified into in-phase (313 Hz), tilting (323 Hz), hub (407 Hz), and torsional (418 Hz) modes. The ETET was carried out to validate these analytical results. The in-phase mode and torsional mode were presumed to the resonant frequencies excited by cogging torque of the BLDC motor, because they can be excited by the torsional excitation. This estimation was verified by comparing the peak noise measured from two modified models, shortened shaft and modified-blade fan model. In conclusion, the cogging torque of BLDC motor can cause the excessive noise 7 by leading mechanical resonance of the rotor shaft system. To avoid this kind of noise problem, modal analysis using 3-dimensional finite element method has to be done in the design stage. The electronic torsional excitation test can be used effectively and simply for experimental modal test for a BLDC motor shaft.
